Abstract Objective To determine the effect of very low birth weight (VLBW; \1500 g) and moderately low birth weight (MLBW; 1500-2499 g) on children's mental and motor development and physical growth during the first 2 years of life and whether VLBW and MLBW babies catch up to normal birth weight (NBW; C2500 g) children by age 2. Methods We use data on dizygotic (DZ) and monozygotic (MZ) twins and singleton births from the first two waves of the Early Childhood Longitudinal StudyBirth Cohort (ECLS-B), a nationally representative dataset of children born in the US in 2001. We estimate the effects of VLBW and MLBW on children's mental and motor development scores, weight-for-age, weight-for-length, weight-for-height, and length-for-age z-scores at 9 months and 2 years. We examine whether differences in outcomes within twin pairs are related to differences in their birth weights. The within-twins analysis is conducted on samples of DZ and MZ twins. For comparison, we also estimate birth weight effects on child outcomes from multivariate linear regression models using the full singleton and twins' sample. We also estimate the effect of being small-for-gestational age (SGA; birth weight \10th percentile for gestation) using the same set of models in order to separate out the effects of fetal growth restriction from prematurity. Results Evaluation of all births showed that VLBW and MLBW have large negative effects on mental development, motor development, and growth at 9 months and 2 years of age. However, results from within-twin models with DZ twins that control for shared maternal and environmental factors showed much less effect of birth weight on mental or motor development, but continued large effects on growth for the VLBW group. Within-twin models with MZ twins that control for shared maternal, environmental, and genetic factors showed sta-
Abstract Objective To determine the effect of very low birth weight (VLBW; \1500 g) and moderately low birth weight (MLBW; 1500-2499 g) on children's mental and motor development and physical growth during the first 2 years of life and whether VLBW and MLBW babies catch up to normal birth weight (NBW; C2500 g) children by age 2. Methods We use data on dizygotic (DZ) and monozygotic (MZ) twins and singleton births from the first two waves of the Early Childhood Longitudinal StudyBirth Cohort (ECLS-B), a nationally representative dataset of children born in the US in 2001. We estimate the effects of VLBW and MLBW on children's mental and motor development scores, weight-for-age, weight-for-length, weight-for-height, and length-for-age z-scores at 9 months and 2 years. We examine whether differences in outcomes within twin pairs are related to differences in their birth weights. The within-twins analysis is conducted on samples of DZ and MZ twins. For comparison, we also estimate birth weight effects on child outcomes from multivariate linear regression models using the full singleton and twins' sample. We also estimate the effect of being small-for-gestational age (SGA; birth weight \10th percentile for gestation) using the same set of models in order to separate out the effects of fetal growth restriction from prematurity. Results Evaluation of all births showed that VLBW and MLBW have large negative effects on mental development, motor development, and growth at 9 months and 2 years of age. However, results from within-twin models with DZ twins that control for shared maternal and environmental factors showed much less effect of birth weight on mental or motor development, but continued large effects on growth for the VLBW group. Within-twin models with MZ twins that control for shared maternal, environmental, and genetic factors showed statistically insignificant effects of birth weight on mental and motor development, but continued effects on growth. Similar patterns were found when examining the effects of SGA. Conclusions After controlling for the influence of maternal, environmental, and genetic factors, low birth weight has at most a small negative effect on children's mental and motor development in their first 2 years of life. However, low birth weight is a major risk factor for children's physical growth in the early years and there is no evidence of catch-up by age 2.
Keywords Birth weight Á Twins Á Mental development Á Motor development Á Growth 1% of all newborns in the US were born at a low birth weight (LBW); conventionally defined as birth weight \2500 g. This is the highest percentage since the early 1970s [1] . A significant body of research finds a strong association between LBW and a wide variety of developmental and health outcomes in childhood and adulthood. LBW has been associated with adult conditions such as Type 2 diabetes, hypertension, and coronary heart disease [2] [3] [4] . Among children, LBW has been linked to high blood pressure, cerebral palsy, deafness, blindness, asthma, lung disease, poor cognitive and physical performance, and mortality [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Most of this literature, however, is based on cross-sectional study designs that have limited ability to control for maternal, environmental, and genetic factors that are also correlated with birth weight and later outcomes. Therefore, it is unclear whether these associations are caused by intrauterine malnutrition per se or whether they are mediated by genetic and/or shared environmental effects.
Studies based on twins' data have made a significant contribution to this literature because of their ability to address such concerns. Differences in birth weight within twin pairs reflect differences in fetal growth but not gestational age. Within-twins analyses based on fraternal (dizygotic; DZ) twin pairs allow matching on all observed and unobserved maternal factors (e.g., maternal height, maternal nutritional status, maternal diseases) and environmental factors that are shared by twins, and withintwins analyses based on identical (monozygotic, MZ) twin pairs additionally allow matching on genetic factors.
However, studies based on differences in birth weight within twin pairs are relatively few and are typically based on samples that have limited geographic variability and, hence, have limited generalizeability. Further, these studies have focused on the effect of being LBW on adult diseases (see Iliadou et al. [15] and Hubinette et al. [16, 17] for an overview of these studies). In children, studies based on within twin pair differences are limited and have mixed findings. A group of studies done in the 1960s and 1970s examined whether within twin pair differences in birth weight among MZ twins were correlated with within twin pair differences in IQ [18] [19] [20] [21] . While most studies found the heavier twin to have higher IQ, one study found no significant difference in IQ between the heavier and lighter twin. Most recently, Newcombe et al. [22] examined the same question using a large sample of MZ twin pairs born in the United Kingdom and found that the heavier twin had significantly higher IQ compared to the lighter twin.
A recent national survey of a birth cohort allows examination of this issue in a sample of US twins. We use data from the first 2 waves of the Early Childhood Longitudinal Study-Birth Cohort (ECLS-B) to examine the independent effect of very low birth weight (VLBW; \1500 g) on children's mental and motor development and physical growth during the first 2 years of life and whether VLBW children catch up to normal birth weight (NBW; C2500 g) children by age 2. We also examine the independent effect of being moderately low birth weight (MLBW; 1500-2499 g) since less is known about children in this range of birth weight [23] . We use a ''within-group'' estimator to examine whether differences in outcomes within twin pairs are related to differences in their birth weights. The within-twins analyses are conducted on samples of fraternal and identical twins. We compare the estimates from within-twin models to those from multivariate linear regression models estimated on the full sample of singleton and twin births (hereafter referred to as ''cross-sectional'' models). This comparison allows us to assess the contribution of unobserved maternal, environmental, and genetic factors in determining birth weight and children's developmental and growth outcomes. We also estimate the effect of being small-for-gestational age (SGA; birth weight \10th percentile for gestation) on the same set of outcomes using the same set of models. These estimates capture the effects of low birth weight on children's developmental and growth outcomes resulting from fetal growth restriction rather than prematurity.
Methods

Sample
We use data from the ECLS-B, a longitudinal nationally representative data set that was collected by the National Center for Education Statistics (NCES), US Department of Education [24] . The ECLS-B follows a nationally representative cohort of children born in 2001 in the US from birth through kindergarten with data collection occurring when the child is approximately nine-months of age, 2-years of age, 4-years of age (at pre-school), and at kindergarten entry. To date, the first two waves of survey data are available and used in this study. Children were primarily sampled via registered births from the National Center for Health Statistics (NCHS) vital statistics system. Births were sampled within a set of primary sampling units, which were individual counties or groups of contiguous counties. The survey oversampled VLBW and MLBW babies, multiple births, and Asian and American Indian births. The baseline sample consists of 10,221 births that participated in the child assessments. Of the 10,221 children who participated in the first wave of the survey, 8,944 (87.5%) of them participated in the second wave. Children who attrited from the sample between the first two waves are relatively similar in terms of maternal education, region of residence, and child's race/ ethnicity to those who remained in the sample [25] .
Our analysis sample consists of about 6,750 singleton births, 625 twin pairs (fraternal pairs = 525, identical pairs = 100), and 50 twins and other higher-order births whose siblings were not included in the ECLS-B. The reported sample sizes for subgroups of the data have been rounded to the nearest 50 per NCES restrictions regarding disclosure of restricted use data. However, the analyses and statistics presented in the tables and text are generated using all observations in each subsample. Births were excluded from the analysis sample using the following five criteria; the number of observations excluded for each criterion is in parentheses. First, births whose survey respondent was not their biological mother were excluded (150). Second, births that did not participate in the child assessments in each wave were excluded (1,700). Third, births that did not have complete information on birth weight, small-for-gestation, twin status, and type of twin were excluded (400). Fourth, births born with a congenital anomaly were excluded (300). Fifth, births with missing information for any of the control variables were excluded with the exception of the following four variables: first birth, adequacy of prenatal care, presence of pregnancy risk factors, and presence of labor and delivery complications (100). Each of these four variables had more than 150 missing values before the fifth sample restriction; therefore, after implementing the final data restriction we assigned the remaining missing data points the modal value. All models included variables that indicated whether the observation included a value that was mode-replaced for each of these four variables.
Measures
Identification of Twin Type
Twin type in the ECLS-B is identified using parent and interviewer reports. Opposite-sex twin pairs were classified as dizygotic. For same-sex twin pairs, the ECLS-B asked both parents and interviewers questions drawn from existing research that attempt to reliably distinguish identical from fraternal twins [26] [27] [28] . Specifically, both parents and observers were asked whether the twins differed in their hair texture, shades of hair colors, eye color, complexion, facial appearance, and shape of ear lobes. Parents were additionally asked about the similarity of the twins when their first teeth erupted, whether the twins were ever mistaken for each other by either parent other family members, or strangers and, if yes, how frequently, and whether there were any physical differences between the twins. Parents were also asked about the twins' blood types and RH factors. Using these questions, approximately 16% of twins were classified as monozygotic.
Birth Weight Measures
The ECLS-B obtained birth weight information from birth certificates. We created binary variables for VLBW, defined as birth weight \1500 g, and MLBW, defined as birth weight greater than or equal to 1500 g and \2500 g, to include as the primary explanatory variables of interest. The omitted category is NBW defined as 2500 g and above. Categorical variables were chosen instead of a continuous birth weight variable since these cutoffs have been traditionally used in the medical literature and this specification allows comparison of our findings with other studies. In alternate models, we used small-for-gestational age (SGA), defined as birth weight \the 10th percentile for gestational age [29] , as an alternate measure of low birth weight. Although not accurate, SGA has traditionally been used to capture intrauterine growth restriction (IUGR) [30] .
Mental and Motor Development Scores
Data on children's mental and motor development are collected through direct child assessments using the Bayley Short Form-Research Edition (BSF-R) in both waves of data. This instrument was specifically designed for the ECLS-B and is derived from the Bayley Scales of Infant Development, Second Edition (BSID-II) [31] , which is a standardized assessment of developmental status for children from birth to 42 months of age (More details about the assessments are available at http://nces.ed.gov/pubs2005/ 2005100.pdf). The BSF-R administered at 9 months consisted of a 31-item mental scale (33 items at 2 years) and a 35-item motor scale (32 items at 2 years). Each scale included a set of core items that all children were administered as well as a set of basal and ceiling items that were administered depending upon the child's responses on the core items. The mental scale assesses early cognitive and language ability as manifested in memory, habituation, preverbal communication, problem solving, and concept attainment. The motor scale captures gross and fine motor abilities (e.g., picking up objects, crawling, walking), perceptual-motor integration, and problem solving.
Responses on the BSF-R scale were first weighted to adjust for oversampling and nonresponse and subsequently equated to the full BSID-II scale using Item Response Theory (IRT) [32] . This makes it possible to compare the BSF-R scores to those obtained using the full set of BSID-II items. There are a total of 178 mental items and 111 motor items on the full BSID-II, which means that the ECLS-B mental scale scores could range from 0 to 178 and the motor scale scores could range from 0 to 111, although in reality all scores lie well within these intervals since the items are designed for children from birth through 42 months. At 9-months the mental scale scores range from 32 to 131 and the motor scale scores range from 21 to 87 in the full sample. At 2 years the mental scale scores range from 92 to 174; while the motor scale scores range from 56 to 109. These scale scores are not age-normed and simply measure the number of items a child would have answered correctly were she administered the full set of BSID-II mental and motor development scale items. However, this is not a concern in our within-twins analyses since both children within the twin pair are assessed at the same age. The reliability of the BSF-R scale scores in the ECLS-B is high; for example, in the 9-month wave the IRT reliability coefficient is 0.80 for the mental scale and 0.93 for the motor scale [24] . The corresponding numbers in the 2-year wave are 0.88 and 0.73, respectively.
Growth
Children's weight and length/height were measured by the ECLS-B interviewers in both waves of data. Standard procedures were followed to obtain the physical measurements to ensure that all measurements were obtained in the same way for all children. A Seca digital bathroom scale (accuracy = 0.1 kg) was used to measure the child's weight in both waves. The mother first stood on the scale and her weight was recorded. The interviewer then handed the child to the mother and the scale's tare feature (in which the child's weight is automatically subtracted from the combined weight of the mother and child) then displayed the child's weight alone. The child's recumbent length was measured at the 9-month interview using a Seca pediatric measure mat. At the 2-year interview, a stadiometer (Seca Model 214 Road Rod) was used to measure the child's height. Assessors were trained to understand the purpose of the measurements and were made familiar with the equipment prior to the study by practicing with training staff as well as infants and 2-year old children specifically recruited for staff training. The reliabilities of the physical measurements were quite high; the correlation between the first and second recordings was r = 0.81 for both weight and height measurements.
Each of these physical measurements was obtained twice to minimize measurement error. If the two measures were more than 5% apart a third measurement was taken. Composite values for height and weight were created by using the two measurements that were closest together: the value of the composite was the average of these two values. If the three measurements were equidistant from one another, the value that was furthest from the weighted average of the smallest and largest value was discarded and the composite took the value of the average of the remaining two measures. If the child had two height or weight values that were \5% apart, the average of the two values was computed and used as the composite value.
We examine weight-for-age (9-month and 2-year data), weight-for-length (9-month data), weight-for-height (2-year data), and length-for-age (9-month data) z-scores. The parameters necessary to calculate these z-scores are from the Centers for Disease Control (CDC) website at http://www. cdc.gov/nchs/about/major/nhanes/growthcharts/datafiles. htm. Physical anthropometry protocols call for the measurement of recumbent length up to 2 years of age, and standing height from this age onwards. However, only height data and not recumbent length data were collected at the 2-year wave regardless of the toddler's age at the time of assessment. At the 2-year survey, variation in assessment age across children resulted in roughly half the assessed sample being below 24 months. Hence, the corresponding values (length/height) and z-scores were used depending on the availability of data and the range of the indices (e.g., gender, age) necessary to merge in the information from the CDC. For example, weight-for-height is indexed by height and gender; therefore, we can create weight-for-height z-scores for all births with non-missing data regardless of age at assessment. In comparison, height-for-age is indexed by age and gender starting at 24 months, thus prohibiting the calculation of z-scores for toddlers\24 months.
Other Explanatory Variables
Data on child, maternal, household, and pregnancy-related characteristics collected from birth certificates and the 9-month and the 2-year surveys are included as explanatory variables. Note that these controls are used only in the cross-sectional models since they compare outcomes across children who differ in maternal, environmental, and genetic factors. Child-level controls include indicators for female, race/ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic, other), first birth, and whether the child was a twin or higher-order birth. In addition, age at the time of assessment in weeks is included because some of our outcome measures such as mental and motor scale scores are not age-normed. The age of assessment for wave 1 is included when examining an outcome measured using the 9-month data and the age of assessment for wave 2 is measured when investigating an outcome measured using the 2-year data. We also include a continuous variable for gestational age, measured in weeks. Controlling for age at assessment and gestational age is critical since mental and motor outcomes are measured at different post conceptual ages. We do not include variables capturing an infant's later health conditions as they may be the result of birth weight status and would prevent us from measuring the total effect of birth weight status on our outcomes.
Maternal characteristics include height in inches and indicator variables for age (\20 years, between 20 and 24.99 years, between 25 and 29.99 years, between 30 and 34.99 years, at least 35 years), education (less than high school diploma, high school diploma or equivalent, some college or voc/tech program, bachelors degree or higher), and married at birth. Household characteristics include indicator variables for income (B$20000, between $20001 and $40000, between $40001 and $75000, between $75001 and $100000, $100001 or higher), region (Northeast, Midwest, South, West), and urbanicity (population \2,500, population of 2,500 to 49,999, population at least 50,000), When examining outcomes at 2 years, variables capturing changes in income and marital status are included. Pregnancy characteristics include gestation in weeks at pregnancy recognition and as mentioned earlier, gestation in weeks. Other pregnancy-related variables include indicators for whether mother smoked in the last trimester, whether mother drank alcohol in the last trimester, adequacy of prenatal care utilization (inadequate, intermediate, adequate, adequate plus), whether the pregnancy was atrisk, and presence of labor and/or delivery complications. Adequacy of prenatal care is measured by the Adequacy of Prenatal Care Utilization Index [33] , which is a function of the month prenatal care began (i.e., adequacy of initiation of prenatal care) and the proportion of the number of visits recommended by the American College of Obstetricians and Gynecologists that a mother received from the time prenatal care began until the time of delivery (i.e., adequacy of received services). Table 1 reports means or proportions and standard errors for the outcome variables, birth weight measures, and selected explanatory variables.
Statistical Analysis
We estimate three linear regression models for each of the nine outcome variables discussed above. The first model is a linear regression of the outcome variable on indicators of VLBW and MLBW using the full sample of singletons and twins. This model controls for the child, maternal, household, and pregnancy-related characteristics described in the previous section and mimic the cross-sectional study design typically seen in studies of birth weight effects. The remaining two models estimate ''within-group'' estimates of birth weight effects using samples of fraternal and identical twin pairs, respectively. These within-twins models essentially use one twin as the control for the other twin by regressing within twin pair differences in outcomes on within twin pair differences in birth weight (model (3) described in Carlin et al. [34] ). When relating outcomes differences to birth weight differences within fraternal twin pairs, we include a control for child's gender. Controls for gestational age are not needed in within-twin models since both children in the twin pair have the same gestation.
Comparing outcomes of fraternal twins allowed us to control for all maternal and environmental factors shared by the twins. The final model regresses outcome differences within identical twin pairs on differences in their birth weights. Comparing outcomes of identical twins allowed us to additionally control for genetic differences between the twins. The effects of SGA on all the outcomes are also estimated using the three models described above. The exact sample size used to estimate each model varies across different outcomes due to different number of missing values for the dependent variable. For each outcome we include only those births in the sample for whom data on the outcome are available at 9 months and 2 years to allow testing for any catch up between LBW and NBW births at age 2. To ensure that the results from the two twins-based models are comparable for each outcome, we only include twin-pairs that have non-missing values for a given outcome in the final two models.
All analyses are conducted using the statistical program STATA version 9.2 (StataCorp, College Station, TX). All estimates are weighted using the ECLS-B provided weight, W2C0. For the cross-sectional model, we adjust the standard errors from the regression to account for within-twin pair correlations in the outcomes using the cluster option in STATA. Table 2 reports descriptive statistics for the outcome variables, birth weight measures, and selected explanatory variables in our analysis for singleton births, twin births, identical twins, and fraternal twins. Two tailed t-tests for differences in means for continuous variables and proportions for binary variables between singletons and all twins and between fraternal and identical twins are conducted, and those with P \ 0.01 are discussed below. Twins are more likely to be VLBW and MLBW than singleton births; although they are not more likely to be SGA. Twins tend to be born to mothers who are more advantaged. Mothers of twins are more likely to be non-Hispanic White, be older at birth, have a bachelor's degree or higher, have higher income, be married at the time of birth, and receive adequate plus prenatal care compared to mothers of singleton births. As expected, pregnancies with twins tend to be more complicated than those that lead to singleton births, with twin pregnancies more likely to be at risk, to experience labor and delivery complications, and to have shorter mean gestation in weeks. Upon comparing fraternal and identical twins, we see that fraternal twins are born to more advantaged mothers, with mothers of fraternal twins more likely to be non-Hispanic White, married at the time of birth, older at the time of birth, more educated, have higher income, and receive adequate plus prenatal care. Table 2 also reports the means for all the outcomes for singleton births, all twins, fraternal twins, and identical twins. Two-tailed t-tests for mean differences between singletons and twins, and between fraternal and identical twins are conducted. Singletons score significantly higher on all outcomes compared to twins (P \ 0.01) with the exception of weight-for-length at 9 months (P = 0.02). However, there is no statistically significant difference in outcomes between fraternal and identical twins using an a = 0.01. Table 3 reports regression coefficients on VLBW and MLBW for mental and motor development scores. Table 4 reports corresponding estimates for growth outcomes.
Results
Descriptive Statistics
Bivariate Results
Regression Results
Mental Development
Columns 1 and 2 in Table 3 report estimates of VLBW and MLBW on children's mental development scale scores at 9 months and 2 years, respectively, from the three models described in the previous section. Cross-sectional estimates using the full sample (Panel A) show that VLBW and MLBW confer a significant disadvantage at 9 months in the form of lower mental development scores compared to NBW, with VLBW having a larger negative effect compared to MLBW. VLBW infants score 9.1 points lower (P \ 0.01), i.e., about nine fewer correct items, compared to NBW infants. MLBW infants score 3.3 points lower (P \ 0.01), i.e., about three fewer correct items compared to NBW infants. At 2 years, the effects of VLBW and MLBW on mental scores remain statistically significant at -7.6 points (P \ 0.01) and -2.6 points, respectively, but the change in the estimates from 9-months to 2-years is not statistically significant at a = 0.01. Within-twin estimates from the sample of fraternal twins (Panel B) show much smaller, yet statistically significant, effects of VLBW and MLBW on mental scores compared to the cross-sectional estimates, suggesting that unobserved maternal and environmental factors not controlled for in the cross-sectional regressions are important in determining birth weight and children's mental development. VLBW infants score 2.6 points lower (P = 0.021) and MLBW infants score 2.0 points lower (P \ 0.01) on the mental development scale at 9 months compared to their NBW twin. At 2 years, the effects of VLBW and MLBW appear to have increased, however, the change in coefficients is not statistically significant at a = 0.01.
Within-twin estimates from the sample of identical twins are reported in Table 3 , Panel C. The effect of VLBW and MLBW on mental development scores at 9 months is about -3.1 points (P = 0.38) and -2.51 points (P = 0.05), respectively. A difference of two or three correct items on the BSID-II test between low birth weight and NBW infants is a very small effect in comparison to the mean number of items answered correctly (77 items). At 2 years, the point estimates for VLBW (0.54 points; P = 0.84) and MLBW (1.01 points; P = 0.65) become small and statistically insignificant. This suggests that when maternal, environmental, and genetic factors are controlled for, differences in mental development of VLBW, MLBW, and NBW children at 2 years do not differ significantly.
Motor Development
Columns 3 and 4 in Table 3 report estimates of VLBW and MLBW on children's motor development scale scores at 9 months and 2 years, respectively. The cross-sectional results in Panel A are similar to those seen for mental development. At female, assessment age in weeks, race/ethnicity, first birth, twin or higher-order birth, height in inches, age at birth, education, married at birth, household income, region of residence, urbanicity, gestation at pregnancy recognition in weeks, smoked in last trimester of pregnancy, drank alcohol in last trimester of pregnancy, adequacy of prenatal care utilization, presence of pregnancy risk factors, presence of labor and delivery complications, and gestation in weeks. Indicators for missing values are also included in these regressions for the following variables: first birth, adequacy of prenatal care utilization, presence of pregnancy risk factors, and presence of labor and delivery complications. Variables measured at 2-year wave and those that represent changes between waves are only included in regressions examining outcomes measured 2-years after birth. Female is the control variable in Panel B. None of the 9-month coefficients are statistically different from their counterpart 2-year coefficients at a 1% level 9 months, the effects of VLBW (-8.8 points; P \ 0.01) and MLBW (-2.9 points; P \ 0.01) are large and statistically significant. At 2 years, however, the cross-sectional estimates of VLBW and MLBW become considerably smaller and this change is statistically significant at a = 0.01. Therefore, the cross-sectional estimates suggest some catch-up taking place between LBW and NBW children by age 2. Within-twins estimates using the sample of fraternal twins (Panel B) show that only the effect of VLBW at 9 months is statistically significant (-3.8 points; P \ 0.01). Within-twins estimates from the sample of identical twins (Panel C) show that the effect of VLBW on motor development scores at 9 months is -2.5 points (P = 0.06) but becomes smaller and statistically insignificant at 2 years (-0.52 points; P = 0.78). In contrast, the effect of MLBW on motor development scores is small and statistically insignificant at 9 months (-0.93 points; P = 0.22), increases slightly at 2 years (-1.64 points; P = 0.08). However, the differences between the 9-month and 2-year estimates are not statistically significant. Again, these estimates suggests that when maternal, environmental, and genetic factors are controlled for, differences in motor development of VLBW, MLBW, and NBW children at 9 months and 2 years are of small magnitude and do not differ statistically.
Weight-for-Age
Columns 1 and 2 in Table 4 report estimates of VLBW and MLBW on children's weight-for-age z-scores at 9 months and 2 years, respectively. In all the three models, VLBW and MLBW children have significantly lower weight-for-age compared to NBW children. The effects are larger in the crosssectional models compared to the within-twins models.
Estimates from cross-sectional regressions on the full sample (Panel A) show that VLBW infants have 1.64 SD (P \ 0.01) lower weight-for-age and MLBW infants have 0.77 SD (P \ 0.01) lower weight-for-age than NBW infants at 9 months. Estimates from within-twins analysis on fraternal twins (Panel B) show that VLBW infants have 1.24 SD (P \ 0.01) lower weight-for-age and MLBW infants have 0.33 SD (P \ 0.01) lower weight-for-age than NBW infants at 9 months. Estimates from within-twins analysis on identical twins (Panel C) show that VLBW infants have 0.96 SD (P \ 0.01) lower weight-for-age and MLBW infants have 0.40 SD (P = 0.02) lower weight-forage than NBW infants at 9 months. There is no statistically significant change in the effects of VLBW and MLBW at 2 years in any of the three models.
Weight-for-Length/Height
Column 3 in Table 4 reports estimates of the effect of VLBW and MLBW on children's weight-for-length z-scores at 9 months. Estimates from the cross-sectional model (Panel A) show that weight-for-length at 9 months is significantly lower for VLBW (-0.53 SD; P \ 0.01) and MLBW (-0.31 SD; P \ 0.01) infants compared to NBW infants.
Within-twins estimates from the sample of fraternal twins show that the effect of VLBW is strong and negative (-0.63 SD; P = 0.014) but the effect of MLBW becomes smaller (-0.15 SD; P = 0.16). Within-twins estimates from the sample of identical twins show that the effects of VLBW (-0.13; P = 0.74) and MLBW (-0.25; P = 0.22) are small and statistically insignificant at 9 months. At 2 years, the effects of VLBW and MLBW increase across all the three models. In fact, the within-twins estimates of VLBW (-0.53; P = 0.03) and MLBW (-0.46; P = 0.03) from the identical twins sample are significant at the 5% level, but not at the 1% level.
Length-for-Age
Column 5 in Table 4 reports estimates of the effect of VLBW and MLBW on length-for-age z-scores at 9 months. In all three of the models, VLBW and MLBW are associated with significantly lower length-for-age than NBW at 9 months (P = 0.06 for MLBW effect in identical twins model; P \ 0.01 for all other estimates). The estimates are largest in the cross-sectional models, followed by the within-twins estimates from the fraternal twins' sample. The estimates from the identical twins sample are the smallest, although statistically significant in the case of VLBW. The crosssectional estimates from the full sample (Panel A) indicate that VLBW infants have 1.75 SD (P \ 0.01) lower lengthfor-age and MLBW infants have 0.75 SD (P \ 0.01) lower length-for-ages compared to NBW infants at 9 months. Estimates from the within-twins analysis on the sample of identical twins (Panel C) show that VLBW infants have about 1.1 SD (P \ 0.01) lower length-for-ages compared to their NBW twin. MLBW infants also have a lower lengthfor-age compared to their NBW twin (-0.26 SD; P = 0.06).
To examine catch-up for this outcome, we also estimated similar models using height-for-age at 2 years as the outcome. For reasons described earlier, we estimated models for length-for-age (at 9 months) and height-for-age (at 2 years) for the sample of children for whom both measures could be constructed. These results are reported in the Appendix. There is a substantial drop in the coefficients between 9 months and 2 years, however, this change is only statistically significant for the VLBW estimates in the crosssectional models and not in the within-twins models.
Effects of Small-for-Gestational Age
Estimates of the effect of SGA on developmental and growth outcomes at 9 months and 2 years from each of the three models are reported in Table 5 . Cross-sectional estimates suggest that SGA infants answer about 1.6 (P \ 0.01) and 1.3 (P \ 0.01) fewer correct items on the mental and motor developmental scales, respectively, compared to non-SGA infants at 9 months. There is no statistically significant change at a 1% level in these estimates at 2 years. However, within-twins estimates of the effects of SGA on mental and motor development are not significant at either 9 months or 2 years at a 1% level. The effects of SGA on weight-for-age in all three models are large and negative at 9 months and remain large even at 2 years. Within-twins estimates from the identical twins sample are smaller compared to estimates from the cross-sectional and fraternal twins' models. Estimates from identical twin models show that SGA infants have 0.59 SD (P \ 0.01) lower weight-for-age at 9 months and 0.41 SD (P = 0.02) lower weight-for-age at 2 years compared to their non-SGA twins. The effects of SGA on weight-forstature/height at 9 months and 2 years are statistically significant (P \ 0.01) and sizeable in the cross-sectional and within-fraternal twins models. However, the effects of SGA are insignificant in the within-identical twins models (9 months: -0.34 SD; P = 0.10; 2 years: -0.31 SD; P = 0.09). The effect of SGA on length-for-age z-scores at 9 months is large and statistically significant (P \ 0.01) in all the three models. The within-identical twins estimate, which controls for maternal, environmental, and genetic factors shows that SGA infants have 0.47 SD (P \ 0.01) lower length-for-ages compared to their non-SGA identical twin.
Discussion
This study examined whether VLBW and MLBW confer a sizeable disadvantage in terms of mental and motor development and physical growth during the first 2 years of life based on a within-twins analysis of a nationally representative data set. Conventional cross-sectional models that only controlled for sociodemographic and observable maternal risk factors, including gestational age, showed large detrimental effects of VLBW and MLBW. However, female, assessment age in weeks, race/ethnicity, first birth, twin or higher-order birth, height in inches, age at birth, education, married at birth, household income, region of residence, urbanicity, gestation at pregnancy recognition in weeks, smoked in last trimester of pregnancy, drank alcohol in last trimester of pregnancy, adequacy of prenatal care utilization, presence of pregnancy risk factors, presence of labor and delivery complications, and gestation in weeks. Indicators for missing values are also included in these regressions for the following variables: first birth, adequacy of prenatal care utilization, presence of pregnancy risk factors, and presence of labor and delivery complications. Variables measured at 2-year wave and those that represent changes between waves are only included in regressions examining outcomes measured 2-years after birth. Female is the control variable in Panel B. None of the 9-month coefficients are statistically different from their counterpart 2-year coefficients at a 1% level as discussed earlier, when comparing the outcomes of LBW to NBW children, one can only control for a limited set of potential confounders. Other unobserved maternal, environmental, and genetic factors that are correlated with LBW and child development could lead to biased estimates of LBW effects if they are not controlled for. We addressed this concern by using the sample of twins in our data to control for these unobserved influences. We used a ''within-group'' estimator to examine whether within twin pair differences in mental, motor, and physical growth are related to differences in their birth weight. As such, the within-twins analyses offered a powerful strategy for estimating birth weight effects that are independent of maternal, environmental, and genetic influences. Similar to findings from twins-based studies that have examined the effects of birth weight on adult health outcomes [35] [36] [37] [38] [39] [40] [41] [42] results from this study suggest that maternal, environmental, and genetic factors play an important role in determining LBW and early life developmental outcomes and that birth weight effects tend to be overstated when these factors are not controlled for. We found that estimates from our within-twins analyses were generally much smaller than what the conventional crosssectional analysis on the full sample suggested. Moreover, estimates from the within-fraternal twins' analyses tended to be generally larger relative to estimates from the withinidentical twins analyses. This is not surprising since withinidentical twins analyses also control for genetic influences on birth weight and infant outcomes. Within-identical twins analyses did not find any statistically significant effects on children's mental and motor development in the first 2 years. However, there was a large and statistically significant effect of VLBW and MLBW on physical growth at 9 months that remained even at the end of 2 years. Moreover, the effects of VLBW tended to be larger than the effects of MLBW.
We also examined whether SGA infants had worse developmental and physical growth outcomes compared to non-SGA infants. Although not perfect, SGA (i.e., birth weight below the 10th percentile for gestation) has traditionally been used to measure low birth weight that results from IUGR. Our results for SGA were qualitatively similar to those for VLBW and MBLW. After controlling for maternal, environmental, and genetic factors, SGA did not have a statistically significant effect on mental and motor development outcomes in the first 2 years. However, SGA did have large and statistically significant negative effects on children's growth at 9 months without any evidence of a catch-up at 2 years.
Case-control studies based on longer follow-up of nontwin samples have found significant differences in height, weight, motor development, and IQ between VLBW and NBW children even in adolescence [43] [44] [45] [46] [47] [48] , suggesting slow catch-up between VLBW and NBW children. However, as mentioned before, these studies are limited by their inability to control for unobserved maternal, environmental, and genetic confounders. A recent study looking at within-twin differences in birth weight and IQ found birth weight was positively correlated with IQ scores in a sample of 5 year old twins in the UK [22] . As more waves of the ECLS-B data become available, we will be able to examine whether the effects on physical growth persist beyond age 2 and whether the effects on mental and motor development become salient over time for a sample of US born twins.
Despite the advantages that twins-based analyses possess, there are some concerns regarding the generalize ability and interpretation of twins-based estimates of birth weight effects. First, twins have been known to be different from singleton births on a variety of dimensions, which may make it difficult to generalize these results to singleton births. Twins are more likely to have congenital anomalies, adult cancers, and some childhood conditions such as autism [49] . Moreover, most twin births are preterm and experience compromised growth in the last trimester of pregnancy compared to singletons. Another concern as illustrated in Table 2 , is that twinning may be the result of fertility treatments that are more common among higher socioeconomic populations. Fertility treatments might also increase the incidence of fraternal twining relative to identical twinning, which may affect comparability between fraternal twins-based estimates and identical twins-based estimates. Second, a twin may not always be a perfect control for the other twin. Recent studies suggest that even monozygotic twins may be discordant for complex genetic traits and disorders [50] . The ECLS-B collected information on the presence of congenital anomalies and we dropped children with them from our sample.
There are other limitations of our study that should be noted. First, even though comparison of the sample that attrited between the two waves with the sample that remained in the study showed small differences based on socioeconomic status, it is possible that differential attrition of lower socioeconomic status mothers from the sample may have contributed to the attenuation of low birth weight effects. Families of higher socioeconomic status may be able to provide increased stimulation along with a good environment (e.g., diet) that may prevent malnourished or underweight infants from being cognitively delayed. Second, the ECLS-B is limited because the data come from a national survey and therefore lack information on details that may be available from clinical samples of low birth weight children. For example, there is no information in these data about chorionicity of the twins which may determine the specific mechanisms that lead to birth weight discordance within twin pairs such as twin-to-twin transfusion and cord compromise. These different mechanisms may have different implications for children's developmental outcomes. Larger samples of twins will be needed to separately examine the effects of each of these pathways. The ECLS-B also lacks comprehensive information about fertility treatments used, which may in turn influence the pathways leading to birth weight discordance within twins and consequently have implications for whether twins based estimates can be generalized to singletons.
Notwithstanding concerns about generalizeability to singleton births, our findings help to understand the effects of LBW in the rapidly growing population of twins in the US Between 1980 and 2004, the twin birth rate increased 70% from 18.9 to 32.2 per 1000 births [51] , and this rise is likely to continue if current trends in use of Assisted Reproductive Technologies and maternal age of child bearing persist. Consequently, estimates based on twins' data will become increasingly important. The prevalence of LBW has also risen steadily during the same period, from 6.8% in 1980 to 8.2% in 2005, capturing both the increased prevalence of multiple births in the population as well as increased survival among LBW singleton births. Understanding the consequences of LBW and the role of maternal, environmental, and genetic factors in determining LBW and subsequent developmental outcomes is, therefore, important for designing effective public health strategies.
Conclusion
Maternal, environmental, and genetic factors play an important role in determining birth weight as well as children's mental, motor, and physical development in the first two years of life. Consequently, the effects of VLBW and MLBW are significantly reduced when these factors are controlled for. Nevertheless, VLBW and MLBW remain major risk factors for children's physical growth in the early years. Future studies need to examine the longer term developmental effects of VLBW and MLBW using twins data. Table 6 Comparison of length-for-age z-scores at 9-months and height-for-age z-scores at 2-years Length-for-age z-score at 9-months Height-for-age z-scores at 2-years (1) (2) 
